Abstract. This paper, a review of the present status of existing models for particle acceleration during impulsive solar flares, was inspired by a week-long workshop held in the Fall of 1993 at NASA Goddard Space Flight Center. Recent observations from Yohkoh and the Compton Gamma Ray Observatory, and a reanalysis of older observations from the Solar Maximum Mission, have led to important new results concerning the location, timing, and eificiency of particle acceleration in flares. These are summarized in the first part of the review. Particle acceleration processes are then discussed, with particular emphasis on new developments in stochastic acceleration by magnetohydrodynamic waves and direct electric field acceleration by both sub-and super-Dreicer electric fields. Finally, issues that arise when these mechanisms are incorporated into the large-scale flare structure are considered. Stochastic and super-Dreicer acceleration may occur either in a single large coronal reconnection site or at multiple "fragmented" energy release sites. Sub-Dreicer acceleration requires a highly filamented coronal current pattern. A particular issue that needs to be confronted by all theories is the apparent need for large magnetic field strengths in the flare energy release region.
Transient Source Experiment (BATSE) on the Compton Gamma Ray Observatory (CGRO) have revealed
very fine scale structure in the hard X ray emission from impulsive flares, manifested as spikes in the emission lasting • 400 ms [Machado et al., 1993] . Particles would thus have to be accelerated to .
• 100keV on such a timescale. Also, Aschwanden et al. [1995b] have reported 10-20 ms delays between two low-energy hard X ray channels in BATSE. This is consistent with the near-simultaneous acceleration of the particles to both energies, with the delay resulting from the different travel times from a coronal acceleration site.
The acceleration to higher energies (• 100 keV) can occur somewhat more slowly. Specifically, during the initial few seconds of the hard ray burst, there is sometimes a "high-energy delay," where the flare onset at energies •> 150 keV is delayed by a few seconds relative to the onset at lower energies (e.g., see Baiet al. [1983] and Dulk et al. [1992] ; see, however, Kane et al.
[1986] for a case when such a delay was absent). The time profiles of the gamma ray emission from electrondominated flares can also place an upper limit on the acceleration time. This emission rises and reaches a maximum over a few seconds to about 30s [Rieger, 1994] .
The electron acceleration time to a few tens of MeV must then be no more than a few seconds. These numbers are appropriate to the entire flare duration, but there is evidence that electron acceleration in impulsive flares occurs in small bursts, which have been termed "energy release fragments (ERFs)" by Machado et al. [1993] . Data obtained with the Hard X ray Burst Spectrometer (HXRBS) on the Solar Maximum Mission (SMM) have shown spikes of duration .
How many electrons
• 400 ms superposed upon the more slowly varying background of hard X rays [Kiplinger et al., 1984] . Employing the nonthermal model for hard X ray production, they deduced that about 2 x 1034 electrons were accelerated to energies greater than 20 keV in one of these spikes. With the aforementioned spike duration, the rate at which electrons are energized above 20 keV is then • 5 x 1034 s -•. The existence of this spiky structure has been confirmed by observations made with BATSE on CGRO (see above), where the accelerated electron energy content in an ERF is between 1026 and 10 •7 ergs, and with the PHEBUS instrument on GRANAT [Vilmer et al., 1996] . In light of all these observations, • 5 x 1034 electrons s -1 need to be energized above 20 keV over • 400 ms in order to account for an ERF. These ERFs are apparent only in smaller flares, where the number that are firing at any time is sufficiently small for them to be observed separately; in larger events, they presumably blend together to form a smoother hard X ray emission time profile.
In general, these electron numbers are obtained by fitting model spectra to data of low spectral resolution (e.g., the Hard X ray Telescope (HXT) on Yohkoh has four channels). To obtain more accurate estimates of the number of energetic electrons, much higher spectral resolution is needed. A 1980 balloon flight using For a density of 10 •ø cm -3 (typical for an active region), the entire loop contains about 103? electrons. This means that, over the flare duration, more electrons must be accelerated than are initially available in the flux tube. Therefore real-time replenishment is a requirement of a viable model. While the large mass reservoir in the chromosphere can easily provide the electrons necessary for replenishment of the acceleration region, some models have electrodynamic constraints that can limit the way in which these electrons can be pulled from the chromosphere. Such constraints can have important implications for the overall structure of the flaring region (see section 4).
In view of these large electron numbers, alternatives to the nonthermal thick-target model have been proposed. The most widely studied of these is a thermal model in which hard X rays are predominantly emitted by electrons in a hot (•_ 10 s K) coronal plasma. This is substantially more efficient than the nonthermal thick-target model since, on average, the hard X ray emitting electrons do not lose energy to other electrons in the plasma. In this case, the dominant energy loss channel is bremsstrahlung and efficiencies close to unity are possible in theory. The hot plasma expands behind a pair of conduction fronts that propagate at approximately the local ion acoustic speed [Brown et al., 1979] and eventually reach the chromosphere. However, leakage of hot electrons from such a plasma to the chromosphere reduces the efficiency [Brown et al., 1979; Smith and Brown, 1980] , and these streaming electrons will produce footpoint hard X ray emission, just as in the thick-target model.
Recent observations from Yohkoh have cast serious
doubts on the viability of a purely thermal hard X ray model. $akao [1994] analyzed the Yohkoh HXT observations of a number of flares that had pairs of hard X ray brightenings on both sides of a magnetic neutral line, presumably corresponding to the footpoints of a bipolar loop. The temporal fluctuations of these footpoints were coincident to • 0.1 s. Unless the hot plasma was sited exactly equidistant between the two footpoints, the footpoint brightenings could not be due to the interaction of conduction fronts with the chromosphere. However, simultaneous brightenings could be produced by the aforementioned free-streaming electrons.
An obvious compromise between nonthermal thicktarget and thermal hard X ray models is a hybrid model: one involving both heating and acceleration as modes of primary energy release. Holman and Benka [1992] have formulated such a model based on sub-Dreicer electric fields and find that a maximum acceleration rate of 1034 electrons s -• is sufficient to account for the flare discussed by Linet al. [1981] . This rate is about a factor of 50 lower than that obtained above for the purely nonthermal model. However, if the acceleration volume is 109•? cm 3, then we still need to accelerate 10 ? electrons cm -3 s -1. Assuming that this factor of 50 decrease is applicable to larger flares, we see from the numbers given above for the nonthermal model that typical electron energization rates and total energy contents above 20keV are • 2 x 1035s -• and 6 x 109•9 ergs, respectively. Hence this model still requires real-time replenishment of the coronal electron population. Yohkoh observations of Masuda [1994] have also provided some evidence for such a model, with both footpoint and coronal hard X ray sources being present in some limb flares.
Gamma Rays and Energetic Ions
Energetic ions in a solar flare can also be investigated indirectly through the variety of neutral emissions that they produce (see reviews by Chupp [1984] and Ramaty and Murphy [1987] ), as well as directly through in situ measurements in space. We thus ask the same three basic questions as in the previous subsection. As was the case there, we assume that the neutral emissions were created in a thick-target interaction region, such as the chromosphere and photosphere. Furthermore, due to the high ion energies involved, the ions are necessarily How quickly do they reach these energies? As with electrons, a determination of the acceleration time is complicated by transport. An upper limit on the acceleration time io tens of MeV nucleon -1 can be obtained from the time profiles of the nuclear deexcitation gamma ray line flux. These light curves rise above background and peak on timescales of • i s [Kane et al., 1986 ] to a few seconds [Forrest, 1983] The first diagnostic to be used for probing the spectrum of trapped particles above a few MeV nucleon -1 was the ratio of the 2. additional constraints need to be imposed on a given mechanism. We split the acceleration processes up into three broad classes: stochastic acceleration by waves, shock acceleration, and direct electric field (dc) acceleration. The overall properties of these mechanisms as they relate to the data discussed in section 2 are summarized in Table 3 , which the reader may find it convenient to refer to throughout this section.
Stochastic Acceleration
Stochastic acceleration may be broadly defined as any process in which a particle can either gain or lose energy in a short interval of time, but where the particles systematically gain energy over longer times. The most important example of this is acceleration by waves. A second key issue for understanding stochastic acceleration by waves is resonant wave-particle interactions. When the wave amplitude is small, stochastic acceleration is a resonant process and occurs when the condition x --co -kllvll -oet•/•/--0 is satisfied. Here vii and • are the parallel particle speed and Lorentz factor, t• is the cyclotron frequency of the particle, and x is referred to as the frequency mismatch parameter. For harmonic numbers oe • 0 (gyroresonance), this equation is a matching condition between the particle's cyclotron frequency and the Doppler-shifted wave frequency in the particle's guiding center frame. It means that the frequency of rotation of the wave electric field is an integer multiple of the frequency of gyration of the particle in that frame and that the sense of rotation of the particle and electric field is the same.
The convention we employ is that t• is always positive and the sign of oe depends upon the sense of rotation of the electric field and the particle in the plasma frame: for a strong wave-particle interaction to occur, which immediately implies that large systematic energy gains in a spectrum of waves are possible.
Consider two neighboring waves, i and i-[-1, where i -[-1 will resonate with a particle of higher energy than i will. A particle initially resonant with wave i will periodically gain and lose a small amount of vii. If the gain at some time is large enough to allow it to satisfy [xl •_ cob,i+•, where COb,i+• is the bounce frequency for wave i-•-1, then the particle will resonate with that wave next. After "jumping" from one wave to the next in this manner, the particle will have achieved a net gain in energy. If other waves are present that will resonate with even higher energy particles, the particle will con-tinue jumping from resonance to resonance and achieve a maximum energy corresponding to the last resonance present. If the wave spectrum is discrete, then the spacing of waves is critical; if the spectrum is continuous, however, then resonance overlap will automatically occur. Of course, the particle can also move down the resonance ladder, but over long timescales, there is a net gain in energy and stochastic acceleration is the result. This process can be treated by a momentum diffusion equation, and the diffusion coefficients can be calculated using a convenient Hamiltonian approach found in the work of Karimabadi et al. [1992] . For a further discussion of wave-particle resonance, see Karimabadi et al. [1994] .
A broadband spectrum of waves is thus typically required in order to stochastically accelerate particles to high energies. The exception is acceleration by resonance overlap in a single large-amplitude wave [Karney, 1978; Karimabadi et al., 1990] . In this interesting process, a particle resonates with the same wave but through many harmonic numbers, and huge energy gains are possible. However, the importance of such acceleration in flare plasmas has not been considered in detail at the present time. We thus concentrate on acceleration by a spectrum of waves. Stix, 1992] , since the resonance condition can be rewritten to show that the transit time of a particle across a wavelength is equal to the period of the wave. This interaction changes only the parallel energy of a particle, and will lead to anisotropic distributions if ancillary pitch angle scattering is not present.
Miller et al. [1996] have investigated transit time electron acceleration by fast mode waves and found it to be a very efficient mechanism under flare conditions. In this model, low-amplitude fast mode waves are assumed to be generated on very large scales, by, for example, a large-scale perturbation to the flare magnetic field. The electron acceleration rate is proportional to the mean wavenumber of the spectrum, and the wave damping rate is proportional to the wavenumber, so that both are small initially. Hence there is essentially no damping of the waves and, since Coulomb drag cannot be overcome, no electron acceleration. As the waves cascade to higher wavenumbers, the damping rate increases. The inertial range is the range of wavenumbers where the damping timescale remains larger than the cascading timescale, and the waves can thus cascade relatively uninhibited. The inertial range in this case spans a wide range of wavenumbers and the spectral density therein is a power law. The waves cascade through the inertial range and eventually reach the dissipation range, where transit time damping by electrons with speeds greater than vte is faster than cascading. The waves are then rapidly damped and these electrons, in turn, are energized out of the tail and to substantially higher energies. Electron acceleration and wave cascading are described by coupled nonlinear diffusion equations, with particle escape from the acceleration region being neglected. The electron distribution was taken to be isotropic. Sources of sufficiently rapid pitch-angle scattering are Coulomb collisions near vte and gyroresonance with waves driven unstable by an anisotropic distribution that results from transit time damping. An example of the resulting electron distributions and wave spectral densities is given in Figure 4 .
The mechanism is quite robust, and it was found that the generation of 12 ergs cm -3 of fast mode wave turbulence on any scale less than .
• 105 cm and over any time interval less than about a second will yield an acceleration rate above 20 keV that is high enough to account for the hard X ray flux in an ERF. The fast mode waves also accelerate electrons to MeV energies on timescales less than about a second. On timescales of a couple of seconds, electrons are energized to tens to MeV. We also point out that, depending on the nature of the cascading, very hard energy spectra (E-1'2) can be produced. Table 1 ). The model has not been investigated in light of the latest observational requirements but is likely to still be viable using higher levels of turbulence. We note that Miller and Ramaty [1992] also considered nonlinear Landau damping in a multispecies plasma. They showed that the heating rate for an ion species is proportional to its mass and pointed out that this process may lead to element enhancements in the energetic particles.
While quite efficient, nonlinear Landau damping is actually not essential for the energization of protons out of the thermal distribution. Higher-frequency waves on the Alfv•n branch are able to accelerate protons with energy well inside the thermal distribution, and this section of the dispersion relation is naturally populated by a cascade of wave energy from low frequencies [e.g., Zhou and Matthaeus, 1990; Verma, 1994] . This scenario thus employs only cyclotron resonance throughout the entire energization process and was first proposed by Eichler [1979] and subsequently elaborated upon by Miller and Roberts [1995] . Alfv•n waves are assumed to be generated at large wavelengths by either reconnection [LaRosa et al., 1994] or large-scale perturbations to the magnetic field. Unable to resonate with protons, the waves cascade on short timescales to larger k. As k increases, they are able to cyclotron resonate with progressively lower energy protons, but damping remains negligible since the particles are initially confined to thermal energies. An inertial range thus results. Ultimately, however, the waves will encounter a large number of protons in the tail and be strongly damped. Cascading will cease as a result of the rapid energy flow into the tail protons and a dissipation range will form. The tail protons, in turn, will be energized out of the thermal distribution by the high-k waves and then accelerated to much higher energies by the lower-k waves already present in the spectral density. Miller and Roberts [1995] The ring distribution can be formed by a quasi-perpendicular shock [Goodrich, 1985] is discussed below (section 3.2) , the conditions for shock formation in the corona are severe, and McClements et al. [1990, 1993] use a large ring number density corresponding to a strong shock, thus worsening the formation problem. Secondly, they assume that the ion ring is formed throughout the coronal region of a flare, but this is unlikely to be valid when the accelerating agent is a shock or reconnection site; rather one probably has many energization sites scattered randomly throughout the corona. This will greatly decrease the overall efficiency of the electron acceleration.
Shock Acceleration
Shocks have been invoked as a highly efficient acceleration mechanism in many areas of space physics and astrophysics. In particular, they can produce very high energy cosmic rays (e.g., see papers in Zank and Gaisser it is effective in far too restrictive a regime to be considered seriously in flares. In drift acceleration, the iop• energy gain is also very limited in the absence of upstream turbulence [Decker, 1988] . However, inclusion of upstream turbulence confines the particle to the vicinity of the shock. 
The dc Electric fields
Perhaps the most direct way to accelerate particles is by a large-scale quasi-static electric field. Most work in this area focuses on electrons, which we consider first. In addition to the force due to the electric field, an electron also experiences a Coulomb drag force from the other electrons in the distribution.
It is the interplay between these two forces that govern whether or not an electron is accelerated out of the bulk distribution. As the speed of an electron increases, the drag force increases, until reaching a maximum at the electron thermal speed vie. Above the electron thermal speed, this drag force decreases with increasing electron speed. The value of the electric field oe where the drag force at the thermal speed equals the electric field force is called the Dreicer field oeD [Dreicer, 1960] Figure 6 shows the results of this comparison. Each spectral fit uses five parameters: the electron temperature Te and emission measure of the thermal plasma, the critical velocity vc, the maximum energy attained by a particle with initial velocity vc, and the area of the thick-target interaction region. The potential drop and e can be calculated from these parameters. Assuming a length L for the scale of the potential drop, the density and electric field in the accelerating region can also be derived. Some of these parameters are given in the Figure 6 caption. Using the derived electron spectra, they found that 1033-1034 electrons s -1 needed to be accelerated in the electric field model. As mentioned in section 2.1, this is more than an order of magnitude less than that required by using a purely nonthermal model, the difference due to the fact that much of the hard X ray emission is produced by the more efficient thermal process. This picture has some problems. First, one needs to account for the generation of the double layer. While the ion acoustic instability is widely believed to give rise to double layers, it does require hot electrons (Te • T•), so that some kind of electron preheating is needed. Perhaps Joule heating from an electric field can perform this. In this case, however, an electric field must have been already present, and since this field is also able to accelerate electrons, the need for subsequent double layer formation is not clear. Transit time damping of MHD fast mode waves is also a possibility, but again the turbulence is able to accelerate electrons from thermal to relativistic energies, and double layers are not needed. Second, the current needed for an ion acoustic instability restricts the width of the layers to a few meters [Huba, 1985; Papadopoulos, 1979] , so that a very high degree of current filamentation is needed, as is also the case in the sub-Dreicer acceleration model. One is to treat the global structure in a very crude way, such as will be discussed in a moment. The second is to model the complete flare process numerically using codes that can simulate both kinetic and global processes. This has been attempted by Winglee et al.
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Global Considerations
[1991] using an electrostatic particle code, but such an approach suffers from a compression of spatial and temporal scales of many orders of magnitude. For example, in these simulations, the extent of the coronal region of the flare is • 103 electron Debye lengths, or a few meters. In this review, we concentrate on the former class of modeling.
It is also important to determine how the current associated with the accelerated particles modifies the coronal magnetic field. It has long been recognized that some form of return current must exist; otherwise, the accelerated particles would generate a coronal field many orders of magnitude larger than that which is actually believed to exist, and the acceleration region would be depleted of particles in less time than the flare duration. As we shall see, in some models these problems can readily be dealt with by the presence of a cospatial return current (i.e., a bulk flow of electrons from the chromosphere to the corona, spatially coincident with the accelerated particles, of a magnitude sufficient to yield no net electric current). However, other models have geometrical constraints that forbid a cospatial return current. In these cases, other means must be found to minimize the influence of the accelerated electrons on the coronal magnetic field.
We now address the global ramifications of the three classes of acceleration models (stochastic acceleration by electromagnetic waves, collisionless shocks, and dc electric fields) in more detail.
Stochastic Acceleration and Shocks
It is convenient to consider shock and stochastic acceleration within a specific flare scenario, namely energy release by magnetic reconnection. A common feature of reconnection models is that shocks and high-speed plasma jets (of order the Alfv6n speed based on the reconnecting field component) may be produced [e.g., Parker, 1963; Petschek, 1964; Vasyliunas, 1975; Forbes and Priest, 1987] . Shocks are part of the structure of the reconnecting fields in some models [Petschek, 1964] (although these are slow shocks, which are not very effective at accelerating particles), they can be generated by intense plasma heating associated with reconnection [e.g., Cargill et al., 1988] , or can form when a superAlfv6nic plasma jet runs into the neighboring plasma and field [Forbes, 1986] . The jets can produce the longwavelength waves needed in the MHD acceleration models discussed in the previous section through either a shear flow instability [Roberts et al., 1992] Smaller flares may require smaller field strengths, but one also needs to account for a smaller volume too. Note that we assume a 100% conversion efficiency of magnetic to particle energy! The following points need to be considered [see Sudan and Spicer, 1996; Cargill, 1996 efficient (a generous estimate) . Then the whole acceleration process is (0.5) 3 • 10% efficient. So, in order to account for the observed radiation from energetic particles, one may be forced to postulate at least kilogauss coronal field strengths. Such a field strength is problematic for several reasons. Observations suggest that the field is 1-2kG in the photosphere, and it is generally accepted that the coronal field is less than that in the photosphere. Also, a kG field in a local region of the corona could not be confined, since its magnetic pressure would lead to its expansion and subsequent weakening. 
Summary
Flare observations and our ability to model physical processes in magnetized plasmas have developed enough that it now makes sense to strive toward a comprehensive model for impulsive flare particle acceleration. Although the observational data and our knowledge of plasma processes are still not extensive enough to settle upon one (or more) acceleration mechanism(s), we have been able to identify a number of issues that must be addressed by a successful model of flare particle acceleration.
1. The model must be capable of accelerating electrons and ions to energies in excess of 100keV and 100 MeV, respectively, in order to account for hard X ray and gamma ray line emission. It should also allow the possibility of energizing electrons to about 10 MeV and protons to about 1 GeV, in order to account for the less common ultrarelativistic electron bremsstrahlung and pion radiation. A major failing of both the dc electric field models is their inability to produce energetic protons above a few MeV. The sub-Dreicer model cannot produce the most energetic electrons either, due to the finite length of the small electric field. However, at low energies, the sub-Dreicer model is the only one that has been able to reproduce measured hard X ray spectra.
The turbulence model has fewer glaring failings at this time. It can produce both high and low energy particles, but no detailed comparison with spectra has been carried out. Such comparisons are as much an issue of transport as anything else. The model may also unify ion and electron acceleration, since both fast mode and shear Alfv6n waves are likely to be produced together. Shocks models are less developed, and their viability for the production of low energy electrons is a major unresolved issue.
The final three rows of the In conclusion, we outline briefly future observational needs to help address the problem of what causes a flare. 
